Abstract Lysozyme from hen egg has been reported to possess an anti-inflammatory effect. However, little is known about its detailed mechanism. The mechanism of anti-inflammatory effect of lysozyme was examined in this study. When mouse macrophage-like cell line RAW264.7 cells and mouse peritoneal macrophages were activated with lipopolysaccharide (LPS) and then treated with lysozyme, the production of tumor necrosis factor-a and interleukin-6 was significantly suppressed. The effect was induced by suppressing the gene expression levels of both cytokines. Phagocytosis activity of peritoneal macrophages was not altered by the treatment with lysozyme, suggesting that lysozyme shows the antiinflammatory effect without inhibiting the phagocytotic response of macrophages. In addition, lysozyme inhibited phosphorylation of c-jun N-terminal kinase (JNK) and was taken up by macrophages within 1 h after treatment of the cells with lysozyme. Overall results suggest that lysozyme is taken up intracellularly and suppresses LPS-induced inflammatory responses by inhibiting JNK phosphorylation.
Introduction
In recent years, chronic inflammation closely related to the pathological base of chronic diseases such as cancer and lifestyle-related diseases has garnered attention (Coussens et al. 2013; Manabe 2011) . Inflammation is a defensive reaction, which occurs when individuals are infected with pathogens such as viruses and bacteria. Leucocytes, such as macrophages and neutrophils, are related to inflammation. Macrophages are multifunctional leucocytes related to innate immunity and remove foreign substances such as bacteria and dead cells. In addition, lipopolysaccharide (LPS), a cell membrane-constituting component of gram-negative bacteria, is recognized by macrophages and promotes the release of various mediators that trigger inflammatory reactions (Kawai et al. 2001; Yamamoto et al. 2003; Sato et al. 2005) . The recognition of LPS by macrophages is caused by its binding to Toll-like receptors (TLR) on the cell surface, which activates the cells and promotes the production of inflammatory mediators such as prostaglandins and inflammatory cytokines. Gene expression of inflammatory cytokines, such as tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6), is also induced through the binding of the ligand to TLR and acts on the defense against infection. On the other hand, the overexpression of these genes causes rheumatoid arthritis, insulin resistance, and arteriosclerosis (Keffer et al. 1991; Wellen and Hotamisligil 2003; Xu et al. 2003) .
Lysozyme is an anti-bacterial protein that breaks down bacterial cell walls. Hen egg white lysozyme is a basic protein (pI = 11) composed of a single polypeptide chain with 129 amino acid residues. Lysozyme is widely distributed in various biological fluids and tissues, such as tears, saliva, and respiratory secretions, and is also secreted by polymorphonuclear leukocytes (Jollès and Jollès 1984) . Hen egg white lysozyme has been reported to promote antibody production by lymphocytes (Murakami et al. 1997; Sugahara et al. 2000) . In addition, heat-treated lysozyme also enhances the anti-bacterial and immunostimulatory activity (Sugahara et al. 2002; Carrillo et al. 2014) . Heat treatment in the processing step is considered to enhance immunostimulatory activity. Thus, we examined the health function of lysozyme derived from hen egg white in the immune system for application to functional foods.
Lysozyme is well known to exhibit the antiinflammatory effect in addition to anti-bacterial and immunostimulatory activities (Ogundele 1998; Lee et al. 2015; Carrillo et al. 2016) . Lysozyme has also been reported to attenuate inflammation in a porcine model of dextran sodium sulfate-induced colitis (Lee et al. 2009 ) and to suppress polyphosphate-mediated vascular inflammatory responses (Chung et al. 2016) . However, the detailed mechanism of the anti-inflammatory effect of lysozyme is still unknown. Thus, we examined the mechanism of the anti-inflammatory effect of lysozyme derived from hen egg white on macrophages involved in inflammatory responses.
Materials and methods

Reagents
Lysozyme from chicken egg white (C 90%), Dulbecco's modified Eagle's medium (DMEM), RPMI 1640 medium, penicillin, streptomycin, fetal bovine serum (FBS), and LPS from Escherichia coli 026/B6 were products from Sigma-Aldrich (St. Louis, MO, USA). Goat anti-actin antibody and anti-goat IgG antibody labeled with horseradish peroxidase (HRP) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HRP-labeled anti-rabbit IgG antibody and rabbit antibodies against extracellular signal-regulated protein kinases (ERK) 1/2, phosphorylated ERK1/2, c-Jun N-terminal kinase (JNK), phosphorylated JNK, p38 mitogen-activated protein kinase (MAPK), and phosphorylated p38 MAPK were purchased from Cell Signaling Technology (Danvers, MA, USA). All other chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan) unless otherwise noted.
Peritoneal macrophages
Peritoneal macrophages were prepared as previously described (Putra et al. 2012 ) with some modifications. In brief, 8-week-old female BALB/c mice (Japan SLC, Shizuoka, Japan) were injected with 3.0% thioglycollate medium (2 mL/body) into the peritoneum. Four days after injection, mice were sacrificed and injected with 3 mL of RPMI 1640 medium into the peritoneum to harvest thioglycollate-elicited peritoneal macrophages. Collected cells were centrifuged at 1609g for 5 min at 4°C, and the cell pellet was washed with RPMI 1640 medium and centrifuged again. The cell pellet was then resuspended in RPMI 1640 medium supplemented with 100 U/mL of penicillin, 100 lg/mL of streptomycin, and 10% FBS and cultured in a culture dish (Corning, Corning, NY, USA). After incubation at 37°C for 1 h, the cells were washed with phosphate-buffered saline (PBS, pH 7.4) three times to remove unattached cells such as neutrophils. In the subsequent experiments, peritoneal macrophages were detached by pipetting in cold PBS. All animals were maintained and examined according to the protocol approved by the Animal Care and Use Committee of Ehime University.
RAW264.7 cells
Mouse macrophage-like cell line RAW264.7 cells were obtained from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). RAW264.7 cells were cultured in DMEM supplemented with 100 U/mL of penicillin, 100 lg/mL of streptomycin, and 10% FBS at 37°C under humidified 5% CO 2 . RAW264.7 cells were detached using PBS containing 0.25% trypsin and 0.02% ethylenediamine-N,N,N 0 ,N 0 -tetraacetic acid (Dojindo Laboratories, Kumamoto, Japan) for the subsequent experiments.
Cytokine production assay Lysozyme was dissolved in 10 mM sodium phosphate buffer (pH 7.4) and sterilized by filtration. Peritoneal macrophages suspended in 10% FBS-RPMI 1640 medium or RAW264.7 cells suspended in 10% FBS-DMEM were seeded into a 96-well culture plate (Corning) at 6.0 9 10 4 cells/well and cultured at 37°C overnight under humidified 5% CO 2 . After washing with PBS, peritoneal macrophages were pretreated with 100 ng/mL of LPS in 0.2 mL of 10% FBS-RPMI 1640 medium at 37°C, whereas RAW264.7 cells were pretreated with 100 ng/mL of LPS in 0.2 mL of 10% FBS-DMEM. After incubation for 1 h, the cells were washed with PBS to remove LPS. Peritoneal macrophages were then treated with various concentrations of lysozyme in 0.2 mL of 10% FBS-RPMI 1640 medium at 37°C, whereas RAW264.7 cells were treated with various concentrations of lysozyme in 0.2 mL of 10% FBS-DMEM. After incubation for 11 h, the concentrations of IL-6 and TNF-a in culture media were measured by enzyme-linked immunosorbent assay (ELISA) using mouse IL-6 ELISA MAX Standard (BioLegend, San Diego, CA, USA) and mouse TNFa ELISA Ready-SET-GO! (eBioscience, San Diego, CA, USA), respectively, according to the manufacturer's instructions.
Cell viability
Cytotoxicity of lysozyme to peritoneal macrophages and RAW264.7 cells was examined using a WST-8 assay kit (Nacalai Tesque) according to the manufacturer's instructions. Peritoneal macrophages suspended in 10% FBS-RPMI 1640 medium or RAW264.7 cells suspended in 10% FBS-DMEM were seeded into a 96-well culture plate at 6.0 9 10 4 cells/ well and cultured at 37°C overnight under humidified 5% CO 2 . After washing with PBS, peritoneal macrophages were pretreated with 100 ng/mL of LPS in 0.2 mL of 10% FBS-RPMI 1640 medium at 37°C, whereas RAW264.7 cells were pretreated with 100 ng/mL of LPS in 0.2 mL of 10% FBS-DMEM. After incubation for 1 h, peritoneal macrophages were washed with PBS and treated with various concentrations of lysozyme in 0.2 mL of 10% FBS-RPMI 1640 medium at 37°C, whereas RAW264.7 cells were treated with various concentrations of lysozyme in 0.2 mL of 10% FBS-DMEM. After incubation for 11 h, the culture media were removed and peritoneal macrophages were cultured in 100 lL of 10% FBS-RPMI 1640 medium containing 10% WST-8 solution for 40 min at 37°C under dark condition, whereas RAW264.7 cells were cultured in 100 lL of 10% FBS-DMEM containing 10% WST-8 solution for 15 min. The absorbance was then measured at 450 nm using a microplate reader.
Real-time RT-PCR
Peritoneal macrophages suspended in 10% FBS-RPMI 1640 medium were seeded into a 24-well cell culture plate at 5.0 9 10 5 cells/well and cultured at 37°C overnight under humidified 5% CO 2 . After washing with PBS, the cells were pretreated with 100 ng/mL of LPS in 1.0 mL of 10% FBS-RPMI 1640 medium at 37°C. After incubation for 1 h, the cells were washed with PBS and treated with 500 lg/mL of lysozyme in 1.0 mL of 10% FBS-RPMI 1640 medium at 37°C. After incubation for 5 h or 11 h, total RNA was isolated from the cells using Sepasol-RNA I Super G (Nacalai Tesque) according to the manufacturer's instructions and used as a template for cDNA synthesis with MMLV-reverse transcriptase (Promega, Madison, WI, USA) and an oligo-(dT) 20 primer (Toyobo, Osaka, Japan). Real-time PCR was performed using Thunderbird SYBR qPCR Mix (Toyobo), 10 pmol of a forward primer, 10 pmol of a reverse primer, and 0.1 lg of a cDNA sample as previously described (Nishi et al. 2011 ) with some modifications. Thermal cycling conditions were 20 s at 95°C, and 40 cycles of 3 s at 95°C and 30 s at 60°C. PCR products were measured on a StepOnePlus Real-time PCR System (Applied Biosystems, Foster City, CA, USA), and relative gene expression was calculated based on the comparative CT method using StepOne Software v2.1 (Applied Biosystems Phagocytosis activity Phagocytosis activity was measured as previously described (Putra et al. 2012 ) with some modifications. Peritoneal macrophages suspended in 10% FBS-RPMI 1640 medium were seeded into a 48-well cell culture plate at 2.5 9 10 5 cells/well and cultured at 37°C under humidified 5% CO 2 . After incubation for 3 h, the cells were pretreated with 100 ng/mL of LPS in 0.5 mL of 10% FBS-RPMI 1640 medium. After incubation at 37°C for 1 h, the cells were washed with PBS and treated with 500 lg/mL of lysozyme in 0.5 mL of 10% FBS-RPMI 1640 medium for 5 h or 11 h. After washing with PBS, 0.5 mL of 10% FBS-RPMI 1640 medium containing 500 lg of Texas Redconjugated zymosan A (Saccharomyces cerevisiae) BioParticles (Molecular Probes, Eugene, OR, USA) was added to each well and incubated for 1 h under dark condition. After removing the culture medium, the cells were collected in PBS and centrifuged at 1609g for 5 min at 4°C. The cell pellet was suspended in 1 mL of 2% FBS-PBS, and phagocytosis activity was measured on a flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA, USA).
Confocal microscopy
Lysozyme was directly labeled with fluorescein isothiocyanate (FITC) using a FluoroTag FITC conjugation kit (Sigma-Aldrich). Lysozyme (5.5 mg) was dissolved in 11 mL of 0.1 M carbonate-bicarbonate buffer (pH 9.0) at room temperature, while the FITC isomer I in the kit was dissolved in 0.1 M carbonate buffer at 1 mg/mL. FITC isomer I solution (300 lL) was then dropped into the lysozyme solution and incubated for 2 h at room temperature with gentle shaking. The mixed solution was applied to a PD-10 desalting column (GE Healthcare, Piscataway, NJ, USA), and the eluate was dialyzed against 10 mM sodium phosphate buffer overnight. Peritoneal macrophages and RAW264.7 cells seeded into a culture dish containing a cover glass at 1.0 9 10 5 cells/dish for 12 h were pretreated with 100 ng/mL of LPS in 2 mL of 10% FBS-RPMI 1640 medium and in 2 mL of 10% FBS-DMEM, respectively, for 1 h. Peritoneal macrophages and RAW264.7 cells were then treated with 500 lg/mL of FITC-labeled lysozyme diluted in 10% FBS-RPMI 1640 medium and in 10% FBS-DMEM, respectively, in a CO 2 incubator at 37°C. After incubation for 1 h, the cells were washed with PBS three times and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. After fixing, the cells were washed with PBS three times, and the cover glass was mounted on a slide glass. Images were taken using a confocal laser scanning microscope FV10i-DOC (Olympus, Tokyo, Japan).
Immunoblot analysis
Peritoneal macrophages suspended in 10% FBS-RPMI 1640 medium were seeded into a 35-mm culture dish (Corning) at 5.0 9 10 5 cells/dish and cultured at 37°C overnight under humidified 5% CO 2 . After washing with PBS, the cells were pretreated with 100 ng/mL of LPS in 2 mL of 10% FBS-RPMI 1640 medium at 37°C. After incubation for 15 min, the cells were washed with PBS and treated with 500 lg/ mL of lysozyme in 2 mL of 10% FBS-RPMI 1640 medium at 37°C. After incubation for 30 min, cytosolic proteins were prepared using a CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich) according to the manufacturer's instructions. Denatured proteins were then separated using SDS-PAGE and transferred onto a PVDF membrane (Hybond-P; GE Healthcare, Buckinghamshire, UK). Immunoblotting with various antibodies was performed as previously described (Kanda et al. 2012 ).
Statistical analysis
Data obtained were expressed as mean ± standard deviation. Student's t test or one-way ANOVA followed by Dunnett's test or Tukey-Kramer test was used to assess the statistical significance of the difference. Values with *p \ 0.05 or **p \ 0.01 were considered statistically significant.
Results and discussion
Effect of lysozyme on inflammatory cytokine production
In this study, we used RAW264.7 cells and peritoneal macrophages. The purity of peritoneal macrophages was around 80% (Supplementary data), which is a similar percentage to other papers using the same method to collect peritoneal macrophages (Ding et al. 1988; Vodovotz et al. 1993; Schindler et al. 2001) . It has been reported that lysozyme binds to LPS to form a complex and inhibits inflammatory reaction (Takada et al. 1994) . In this study, peritoneal macrophages and RAW264.7 cells were thus cultured in a culture medium containing LPS to induce inflammatory responses, and LPS was washed away. The antiinflammatory effect of lysozyme on activated macrophages was then examined. First, the effect of lysozyme on cytokine production by peritoneal macrophages and RAW264.7 cells was examined. After pretreating with 100 ng/mL of LPS for 1 h, peritoneal macrophages and RAW264.7 cells were treated with lysozyme at various concentrations for n.s. Fig. 1 Effect of lysozyme on cytokine production and cell viability of peritoneal macrophages and RAW264.7 cells. For cytokine production assay, peritoneal macrophages and RAW264.7 cells were pretreated with 100 ng/mL of LPS. After washing, the cells were treated with various concentrations of lysozyme or 10 mM sodium phosphate buffer (control; open circle). After incubation for 11 h, the concentrations of IL-6 and TNF-a in the culture medium were measured. Data are represented as mean ± standard deviations (n = 6). *p \ 0.05 or **p \ 0.01 against control by Dunnett's test. For cell viability assay, peritoneal macrophages and RAW264.7 cells were pretreated with 100 ng/mL of LPS. After washing, the cells were treated with various concentrations of lysozyme or 10 mM sodium phosphate buffer (control; open circle). After incubation for 11 h, cell viability was measured using a WST-8 assay kit. Data are represented as mean ± standard deviations (n = 9). n.s. indicates no statistical significance against control by Dunnett's test
Cell viability
Cytotechnology (2018) 70:929-938 933 11 h, and the cytokine concentration in the medium was measured using ELISA. As shown in Fig. 1 , lysozyme significantly inhibited the production of IL-6 and TNF-a in dose-dependent manners. When RAW264.7 cells and peritoneal macrophages were treated with 500 lg/mL of lysozyme, the production of IL-6 and TNF-a was suppressed by around 50% compared with control (Fig. 1) . The cytotoxicity of lysozyme was evaluated using the WST-8 assay. The result showed that lysozyme has no cytotoxicity to peritoneal macrophages or RAW264.7 cells even at 1000 lg/mL (Fig. 1) . From these results, further experiments were performed at 500 lg/mL of lysozyme.
Effect of lysozyme on cytokine gene expression As described above, lysozyme inhibited cytokine production by peritoneal macrophages and RAW264.7 cells without cytotoxicity. Therefore, the effect of lysozyme on cytokine gene expression was examined. After pretreatment with 100 ng/mL of LPS for 1 h, peritoneal macrophages were treated with lysozyme at 500 lg/mL for 11 h. After that, the Relative TNF-α mRNA expression
Time after lysozyme stimulation (h)
Control Lysozyme * * Fig. 2 Effect of lysozyme on transcription of cytokine genes in peritoneal macrophages. Peritoneal macrophages were pretreated with 100 ng/mL of LPS for 1 h. After washing, the cells were treated with 500 lg/mL of lysozyme or 10 mM sodium phosphate buffer (control) for 5 or 11 h. The mRNA levels of IL-6 and TNF-a genes were evaluated using real-time RT-PCR. Data are represented as mean ± standard deviations of three independent experiments. *p \ 0.05 against control by Student's t test Fig. 3 Effect of lysozyme on phagocytotic activity of peritoneal macrophages. Peritoneal macrophages were pretreated with 100 ng/mL of LPS for 1 h. After washing, the cells were treated with 500 lg/mL of lysozyme or 10 mM sodium phosphate buffer (control) for 5 or 11 h. After washing, the cells were treated with or without Texas Red-labeled zymosan A for 1 h under dark condition, and the phagocytotic activity was measured on a flow cytometer. A representative histogram from three independent experiments is shown. Data are represented as mean ± standard deviations (n = 3). **p \ 0.01 against control by Tukey-Kramer test. n.s. indicates no statistical significance against control transcription level of the cytokine genes was evaluated using real-time RT-PCR. As indicated in Fig. 2 , the expression of IL-6 and TNF-a genes was significantly inhibited by lysozyme. In addition, it was examined whether the suppressive effect of lysozyme on gene expression was observed in a shorter period. Expression of IL-6 and TNF-a genes was significantly suppressed by treating the cells with lysozyme for 5 h. These results indicated that lysozyme downregulates the expression of IL-6 and TNF-a genes within 5 h after treatment, resulting in suppressed production of IL-6 and TNF-a.
Effect of lysozyme on phagocytotic activity
Macrophages have an important role in innate immunity such as destroying microorganisms, ingesting foreign materials, removing dead cells, and enhancing immune responses. We thus examined the effect of lysozyme on the phagocytosis activity of peritoneal macrophages using Texas Red-labeled zymosan A. Peritoneal macrophages were treated with 500 lg/mL of lysozyme for 5 h or 11 h after pretreating with 100 ng/mL of LPS for 1 h. The cells were then treated with Texas Red-labeled zymosan A for 1 h. As shown in Fig. 3 , the zymosan A-mediated phagocytosis activity of the peritoneal macrophages was not affected by lysozyme compared with control. Thus, lysozyme inhibited LPS-induced cytokine production by peritoneal macrophages, but did not modulate phagocytotic activity. These results suggested that lysozyme shows an anti-inflammatory effect without inhibiting the innate immune response by macrophages.
The uptake of lysozyme by macrophages
We have previously reported that lysozyme is taken up by human hybridoma HB4C5 cells to act as an immunoglobulin production stimulating factor (Sugahara et al. 2000) . Therefore, we examined whether lysozyme is taken up into macrophages to suppress inflammatory cytokine production. Peritoneal macrophages and RAW264.7 cells were pretreated with Fig. 4 Internalization of lysozyme. Peritoneal macrophages and RAW264.7 cells were pretreated with 100 ng/mL of LPS at 37°C for 1 h. After washing, the cells were treated with FITClabeled lysozyme for 1 h. After washing and fixing with 4% paraformaldehyde, images were taken using a confocal laser scanning microscope Cytotechnology (2018) 70:929-938 935 100 ng/mL of LPS for 1 h and treated with FITClabeled lysozyme for 1 h. As shown in Fig. 4 , the uptake of lysozyme by macrophages was observed. This result implied that lysozyme suppresses the production of inflammatory cytokines induced by LPS after being taken up into macrophages.
Effect of lysozyme on the signaling pathways in macrophages
Macrophages induce the expression of inflammatory cytokine genes by activating the MAPK cascades. LPS activates MAPK signaling to facilitate inflammatory cytokine production. The effect of lysozyme on MAPK signaling was then examined. Peritoneal macrophages were treated with 500 lg/mL of lysozyme for 30 min after pretreating with 100 ng/mL of LPS for 15 min, and the cytosolic protein levels of the signal molecules were evaluated by immunoblot analysis. As summarized in Fig. 5 , the phosphorylation level of JNK was inhibited by lysozyme, whereas that of ERK or p38 was not affected. JNK, one of the MAPK family protein kinases, is involved in cellular responses such as environmental stress, inflammatory cytokines, mitogen stimulation, and apoptosis (Kyriakis and Avruch 1996) . Once JNK is phosphorylated and activated, JNK translocates into the nucleus and phosphorylates transcription factors ATF2 and c-Jun. They bind to the cyclic AMP response element response sequence and induce the expression of various inflammatory cytokine genes. As shown in Fig. 5 , these results revealed that lysozyme inhibits inflammatory cytokine production through inhibiting the phosphorylation of JNK. There are various proteins with the anti-inflammatory activity other than lysozyme. For example, lactoferrin has been reported to have anti-inflammatory activity. The results of this study are thus considered specific effects by lysozyme because we used lysozyme with a purity of over 90%. Ibrahim Phosphorylation of p38
Fig. 5 Effect of lysozyme on signaling pathways involved in macrophage activation. Peritoneal macrophages were pretreated with 100 ng/mL of LPS or with 10 mM sodium phosphate buffer (blank) for 15 min. After washing, the cells were treated with 500 lg/mL of lysozyme or 10 mM sodium phosphate buffer (blank, control) for 30 min. The protein levels of ERK, JNK, and p38 were then evaluated using immunoblot analysis. The p-ERK, p-JNK, and p-p38 represent phosphorylated ERK, phosphorylated JNK, and phosphorylated p38, respectively. A representative blot from three independent experiments is shown. The result of densitometric analysis is expressed as the ratio of (phosphorylated JNK protein amount)/(whole JNK protein amount). Data are represented as mean ± standard deviations of three independent experiments. *p \ 0.01 against control by Tukey-Kramer test et al. (2017) reported that several peptides derived from human lysozyme bind to Toll like receptor (TLR) 4 to show an antagonistic anti-inflammatory effect. On the other hand, LPS was washed away with PBS before the cells were treated with lysozyme in this study, suggesting that the anti-inflammatory effect of lysozyme observed in this study would not be due to its antagonism by TLR4. We found that lysozyme is taken up to macrophages (Fig. 4) and inhibits phosphorylation of JNK (Fig. 5) . Because JNK expression in macrophages has been reported to promote obesityinduced insulin resistance and inflammation (Han et al. 2013) , lysozyme might suppress insulin resistance-related inflammation by acting on macrophages after being absorbed from intestinal lumen to blood in vivo as functional foods. Macromolecules, such as proteins, are not readily absorbed as an intact form from the intestinal lumen when ingested orally. However, it is known that some intact macromolecules are absorbed from the intestinal lumen to the blood; lysozyme is one of such molecules absorbed in an intact form in the proximal intestinal tract (Yokooji et al. 2013 ). Thus, it can be considered that lysozyme that has avoided being degraded by proteases in digestive tract could be absorbed as an intact form and shows anti-inflammatory effect in vivo. In fact, it has been reported that oral intake of lysozyme is capable of exerting its pharmacological activity (Ohbayashi et al. 2016) , suggesting that part of orally administered lysozyme reaches the intestine as an intact form and exerts its anti-inflammatory activity.
Conclusion
Although lysozyme is well known to exhibit the antiinflammatory effect, the detailed mechanism of its effect is still unknown. In this study, we found that lysozyme is taken up and inhibits phosphorylation of JNK to suppress pro-inflammatory cytokines. Taken together, our data indicate that lysozyme exerts the anti-inflammatory effect on macrophages by another mechanism in addition to its antagonistic anti-inflammatory effect.
